Matter-enhanced antineutrino avor transformation between e and ( ) can occur in supernovae if the vacuum masses for these species satisfy m e > m ( ) . For m 2 > 1 eV 2 , such avor transformation can a ect the electron fraction Y e in the neutrino-heated supernova ejecta. We point out that such avor transformation will not drive Y e > 0:5 at the r-process nucleosynthesis epoch in the best available supernova model for such nucleosynthesis. Consequently, there is no obvious con ict between matter-enhanced antineutrino avor transformation e * ) ( ) and r-process nucleosynthesis in the neutrino-heated supernova ejecta.
1
In this paper, we study matter-enhanced antineutrino avor transformation between e and ( ) in supernovae. In particular, we examine the e ects of such avor transformation on the electron fraction Y e in the neutrino-heated supernova ejecta. We show that matter-enhanced avor transformation e * ) ( ) will not drive Y e > 0:5 when r-process nucleosynthesis takes place in the best available supernova model for such nucleosynthesis.
In contrast to the case of matter-enhanced neutrino avor transformation e * ) ( ) , there is no obvious con ict between antineutrino avor transformation e * ) ( ) and r-process nucleosynthesis in the neutrino-heated supernova ejecta.
The case of matter-enhanced neutrino avor transformation e * ) ( ) 1] that the electron fraction in the neutrino-heated supernova ejecta is determined by the characteristics of supernova neutrinos. In fact, the freeze-out value of Y e relevant for r-process nucleosynthesis is approximately given by the rates for the following reactions at the freeze-out radius: e + n * ) p + e ;
e + p * ) n + e + :
If we denote e n and e p as the rates for the forward reactions in Eqs. (1a) and (1b), then the freeze-out value of Y e is given by Y e e n (r fo ) e n (r fo ) + e p (r fo ) : (2) 2 In Eq. (2), the freeze-out radius r fo satis es e n (r fo ) + e p (r fo ) v(r fo )=r fo ; (3) where v(r fo ) is the out ow velocity of the ejecta at radius r fo . The rates e n and e p decrease with increasing radius. Above the freeze-out radius, these rates become smaller than the rate at which the ejecta are owing out. Consequently, e and e stop interacting e ectively with the free nucleons in the ejecta above the freeze-out radius.
In writing down the above equations, we have neglected the reverse reactions in Eqs.
(1a) and (1b). This is because the reverse reaction rates depend sensitively on the material temperature. At the freeze-out radius, the material temperature is low and these rates are small compared with the forward reaction rates.
To calculate the rates e n and e p , we need the angular and energy distributions of the supernova neutrino uxes. Because the freeze-out radius is su ciently large, we can make the approximation that supernova neutrinos are emitted from a neutrino sphere.
This approximation gives a good description of the angular distribution of the neutrino uxes at large radii. However, the avor transformation e * ) can be enhanced in supernovae only if is heavier than e . So far there is no experimental evidence to con rm that this is the actual mass hierarchy. In fact, the current experimental upper limit on the e mass is 7.2 eV 5]. Therefore, the possibility of e and e being the desired hot dark matter in some cosmological models 6] has not been ruled out yet. If the actual mass hierarchy is m e > m , then the avor transformation e * ) can be enhanced in supernovae, whereas the avor transformation e * ) is suppressed.
To illustrate the e ects of the avor transformation e * ) , we plot the di erential e capture rate on protons d =dE = e p d =dE with respect to e energy in Fig. 1 . Since the di erential capture rate is a radius-dependent quantity, the scale for the ordinate 5 is arbitrary. The solid line in Fig. 1 corresponds to the original e energy distribution at tpb = 6 s, while the dashed line represents the case where the e assume the same energy distribution as the at tpb = 6 s.
From Fig. 1 , we can see that the di erential capture rate peaks at a neutrino energy of E hE 2 i=hE i. This energy where the rate peaks is unique for each energy distribution.
Between the peaks of the di erential capture rates for the two energy distributions, the solid line and the dashed line cross at a neutrino energy of E 25 MeV. Although Fig.   1 is constructed for tpb = 6 s, we nd that the generic features, especially the crossing of the di erential capture rates for the two energy distributions at E 25 MeV, as shown in Fig. 1 are also representative of the energy distributions throughout the period from tpb = 6 s to 16 s of the r-process nucleosynthesis epoch. Fig. 1 that the worst e ect of the avor transformation e * )
It is obvious from
on Y e occurs when antineutrinos with energies less than the crossing energy E 25
MeV are fully transformed, whereas those with energies greater than the crossing energy remain unchanged. This is because there are more e than with energies E < 25 MeV. 
where c is the speed of light. The e ective number density n e has an expression similar to Eq. (6d). The neutrino sphere radius at the r-process nucleosynthesis epoch is R 10 km. However, the e ective e and number densities n e e and n e are a ected by the 7 matter-enhanced antineutrino avor transformation. They have to be determined from the avor evolution history of individual antineutrinos with di erent energies.
In the worst scenario given above, the freeze-out value of Y e will be larger 
From Eq. (7c), we can see that (r fo ) < 2 10 6 g cm 3 because the freeze-out radius always lies above the neutrino sphere, i.e., r fo > R 10 km. In the actual supernova model, the freeze-out radius stays above 30 km. So the matter density at the freeze-out radius is below 7 10 5 g cm 3 . If we neglect the e ective neutrino number density n e in the resonance condition given by Eq. (6a), we nd that antineutrinos with energies E > 25 MeV will not go through resonances below the freeze-out radius for m 2 < 1 eV 2 .
The e ective neutrino number density is approximately 20 { 30% of the net electron number density at the freeze-out radius. As is evident from Eq. (6a), the e ective neutrino number density tends to push the resonance position towards a larger radius for a given value of m 2 . This is to be contrasted with the opposite e ects of the e ective neutrino number density on matter-enhanced neutrino avor transformation. As discussed in Ref.
2], for the case of matter-enhanced neutrino avor transformation, the e ective neutrino number density tends to draw the resonance position towards a smaller radius for a given m 2 . Taking into account the e ective neutrino number density, we nd that antineutrinos 9 with energies E < 25 MeV will always have a resonance below the freeze-out radius if m 2 > 2 eV 2 .
The scenario which gives the worst possible e ect on Y e can then be realized for adiabatic antineutrino avor transformation with m 2 2 eV 2 . For any other avor evolution scenarios, the freeze-out value of Y e will always be smaller than Y b e in the worst scenario. It is interesting to observe that for a slightly larger m 2 3 eV 2 , antineutrinos with energies E < 35 MeV will go through resonances below the freeze-out radius. If we further assume that these antineutrinos are fully transformed, then the freeze-out value of Y e is smaller than or very close to the original value Y a e . We give these values of Y e as Y c e in Table 1 . For m 2 > 3 eV 2 , matter-enhanced antineutrino avor transformation can decrease Y e below Y a e . This is because at energies E > 25 MeV, more are transformed into e than e are transformed into . This e ect can be seen from Fig. 1 .
In the above discussion, we only have considered the possible e ects of matterenhanced antineutrino avor transformation e * ) on r-process nucleosynthesis in supernovae. However, if the mass hierarchy m e > m obtains, there will be other consequences of the avor transformation e * ) . In particular, the avor transformation e * ) taking place in a galactic supernova could cause observable e ects in future neutrino detectors such as super Kamiokande. This is because the avor transformation e * ) can a ect the energy distribution of e detected on earth.
In fact, the predecessor of super Kamiokande, the Kamiokande II detector, detected 11 neutrino events from SN1987A, while 8 events were detected by the now inactive IMB detector. There have been many studies in the literature which try to extract information about supernova neutrinos from these 19 (mainly e ) events. Before we give a brief discussion of these previous studies, we emphasize that the period of the supernova process relevant for supernova neutrino detection is much earlier than the r-process nucleosynthesis epoch. The majority of the neutrino events in a detector come from the rst a few seconds after core bounce (i.e., tpb < 2 s), whereas the r-process nucleosynthesis takes place at tpb > 6 s. Both the neutrino characteristics (e.g., luminosities and energy distributions) and the dynamic aspects of the supernova (e.g., density structure and hydrodynamic instabilities) are very di erent for these two periods. The discrepancy between hE e i and hE i at earlier times is smaller than as shown in Table 1 (2) the temperature characterizing the Fermi-Dirac distribution decreases exponentially with time; (3) the neutrino sphere radius is xed; and (4) the e luminosity is given by the blackbody radiation law corrected for the Fermi-Dirac statistics, i.e., there exists a speci c relation between neutrino luminosity, neutrino temperature, and neutrino sphere radius. These assumptions di er from the approximations for supernova neutrino uxes made in this paper. While we employ a Fermi-Dirac distribution with nite chemical potential for the normalized neutrino energy distribution, we treat the neutrino luminosity as an independent quantity see Eq. (5)]. There is no simple analytic function which can adequately describe the evolution of neutrino luminosity and neutrino energy distributions simultaneously. In addtion, the above assumption (2) contradicts the physical e ects of neutronization on the e opacities. Protons in the core provide an important source for the e opacity through the forward reaction in Eq. (1b). The lower opacity then hardens the e energy distribution as the core becomes more de cient in protons with time.
Given the poor statistics of the SN1987A neutrino events, and the above mentioned It is our sincere hope that nature will grant us the opportunity to detect neutrinos from a galactic supernova when super Kamiokande is in full operation. In that case, we will have many more neutrino events, which may enable us to extract details of supernova neutrino energy distributions.
In conclusion, we have studied the e ects of matter-enhanced antineutrino avor transformation on the freeze-out value of Y e in the neutrino-heated supernova ejecta. We nd that such avor transformation can never drive Y e > 0:5 when r-process nucleosynthesis takes place in the best available supernova model for such nucleosynthesis. For m 2 > 3 eV 2 , matter-enhanced antineutrino avor transformation can even decrease Y e below the original value Y a e for no avor transformation. While the actual e ects of different Y e from Y a e on the r-process nucleosynthesis still await further detailed study, there is no obvious con ict between matter-enhanced antineutrino avor transformation and r-process nucleosynthesis in the neutrino-heated supernova ejecta. 
